1. Introduction {#sec1}
===============

The investigation of new ruthenium-based compounds as alternatives to anticancer platinum drugs is a developing trend in modern medicinal inorganic chemistry.^[@ref1]−[@ref6]^ Based on the specific chemical features of ruthenium complexes, drug discovery efforts can be divided into two categories: (1) development of agents which are prone to ligand exchange (for example, NAMI-A and KP1339, which were in phase II clinical trials, and RAPTA-C, which is progressing toward clinical trials),^[@ref7]−[@ref10]^ and (2) investigation of kinetically inert ruthenium(II) polypyridyl complexes as either agents possessing anticancer potency without irradiation^[@ref11]−[@ref13]^ or prodrugs for photodynamic therapy (PDT; for example, TLD1433, now in phase II clinical trials) and photoactivated chemotherapy (PACT).^[@ref2],[@ref6],[@ref14]−[@ref16]^

The structural and functional diversification of bidentate ligands incorporated into octahedral ruthenium complexes has a crucial impact on both the photochemical features and the anticancer potency of compounds. The chemical modification of heteroleptic light-activated ruthenium-based prodrugs with bidentate ligands is usually focused on the optimization of polypyridine-type compounds^[@ref14],[@ref17]−[@ref22]^ or in some cases *S*-coordinating ligands.^[@ref23],[@ref24]^ Recently, we investigated a class of bidentate ligands containing different five-membered ring heterocycles (indole, benzimidazole, benzoxazole, and benzothiazole).^[@ref16]^ Using these systems, Ru(II) complexes were developed that rapidly release ligands in aqueous (aq) solutions, forming biologically active photoproducts. The compounds were highly effective in killing leukemic cells when irradiated, but the high toxicity of the compounds in the dark could be a limitation for their potential application as PACT agents.^[@ref16]^ To continue the investigation of heteroleptic ruthenium complexes based on five-membered heterocycles, the purpose of this project was the coordination of pyridyl-pyrazoline (pyrazoline = 4,5-dihydropyrazole) and pyridyl-pyrazole ligands to Ru(II) scaffolds, aiming to identify new promising anticancer agents with potential for PDT or PACT.

Pyrazole and pyrazoline are important heterocycles contained in many bioactive agents that display a broad spectrum of biological activities, including antitumor properties.^[@ref25]^ For example, celecoxib (a nonsteroidal anti-inflammatory drug, compound **I**, [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}) has shown promise in the prevention of cancer and has been used to reduce the number of adenomatous colorectal polyps in patients with the hereditary colon cancer susceptibility syndrome.^[@ref26]^ Recently, encorafenib (**II**) has been approved for combination therapy for patients with unresectable or metastatic melanoma with a BRAF V600E or V600K mutation.^[@ref27]^ The cytotoxic mechanisms of 3,5-diarylsubstituted pyrazolines have been associated with their inhibition of tubulin polymerization (compound **III**),^[@ref28]^ mammalian cathepsin B and H (compounds **IV**),^[@ref29]^ and replication protein A (compound **V**).^[@ref30]^ Recently, one of us explored the hybridization of pyrazoline scaffold with other heterocycles (thiazolidine, indoline) as a direction for the enhancement of their biological properties. These pyrazoline-based conjugates possessed promising anticancer,^[@ref31]−[@ref36]^ antiviral,^[@ref32]^ and antitrypanosomal^[@ref37]^ activities in vitro. It is also known that the coordination of pyrazoles and pyrazolines to different metal centers is a successful approach to increase their anticancer activity. The cytotoxic effects of Pt(II),^[@ref38]^ Pd(II),^[@ref38]^ Cu(II),^[@ref38],[@ref39]^ and Au(III)^[@ref40]^ complexes (**VI**--**VIII**) with pyridyl-pyrazol(in)e ligands have been reported recently, with activity at micromolar concentrations. Ru(II) complexes with pyridyl-pyrazole ligand have been reported, and the arene complex **IX** exhibited selective cytotoxic activity against breast cancer cells in vitro.^[@ref41]^ Complex **X** possessed light-mediated anticancer activity both in vitro and in vivo and has been identified as a potential candidate for PDT.^[@ref42]^ Notably, the pyrazoline-thioamides coordinated to Ru(II) scaffolds **XI** possessed cytotoxic activity at sub-micromolar concentration ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}).^[@ref43]^

![Small Molecules with Pyrazole (Red) and Pyrazoline (Blue) Scaffolds (**I**--**V**) and Metal Complexes Containing Pyrazol(in)e Ligands (**VI--XI**) That Exhibit Anticancer Activity[a](#c1fn1){ref-type="p"}](ao0c02079_0001){#cht1}

Coordination of ruthenium scaffolds containing ortho-substituted phenanthroline-type ligands (\[Ru(dmphen)~2~\]^2+^; dmphen is 2,9-dimethyl-1,10-phenanthroline) led to the identification of complexes with cytotoxicity toward cancer cells at micromolar concentrations.^[@ref44]−[@ref59]^ This scaffold exhibits an intrinsically distorted octahedral geometry, and when explored for PDT or PACT applications, some of the complexes exhibited sub-micromolar anticancer activity via light-mediated ligand release and covalent binding to DNA.^[@ref16],[@ref17],[@ref60]^ In addition to steric factors, electronic features also can modulate photochemistry, and we have previously explored this through incorporation of additional nitrogens within coordinating heterocycles.^[@ref61],[@ref62]^ Moreover, the placement of biaryl linkages in pyridyl triazoles, either at the regular position, between two carbons, or the inverse position, between a carbon and a nitrogen of the triazole, has been demonstrated to regulate the photochemistry of Ru(II) complexes.^[@ref63],[@ref64]^ To test this strategy, we investigated analogous regular and inverse pyrazol(in)es, which we name by the same convention. Here, we report the design and synthesis of new \[Ru(dmphen)~2~\]^2+^ complexes based on regular 3-(pyrid-2-yl)-pyrazol(in)es (types 1 and 3, [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}) and inverse 1-(pyrid-2-yl)-pyrazolines (type 2), their photochemical properties in aqueous media, their in vitro anticancer activity, and the structure--activity relationships (SARs) that emerged for the tested compounds.

![Ru(II) Complexes (**1**--**12**) with the Regular Pyridyl-pyrazolines (Type 1), Inverse Pyridyl-pyrazolines (Type 2), and Regular Pyridyl-pyrazoles (Type 3)](ao0c02079_0002){#cht2}

We have discovered that distorted heteroleptic Ru(II) complexes with pyridyl-pyrazol(in)e ligands are photoreactive and exhibited selective photoejection of the pyrazole-containing ligand when irradiated with blue light. Their photochemical properties and anticancer profile depended significantly on the type of pyrazol(in)e ligand (regular vs inverse). The coordination of inactive regular pyridyl-pyrazol(in)es to the Ru(II) scaffold resulted in compounds with sub-micromolar cytotoxicity without irradiation. This finding could be useful for further investigation of the complexes as traditional anticancer agents but precludes their application for PACT. Similarly, the inverse pyridyl-pyrazol(in)es were potent in the dark but were not light-active cytotoxins. However, the addition of the substituents to the aryl group appended to the 5-position of the five-membered ring heterocycle (cycle C, [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}) altered the key properties and rendered the regular pyridyl-pyrazol(in)es useful as PACT agents. Based on a rationale design theory, the inclusion of a carboxylic group into the pyridyl-pyrazole ligand (compound **11**) radically reduced the dark cytotoxicity of Ru(II) complexes while simultaneously increasing the phototoxicity index (PI = 146). Considering the significant anticancer potential of pyrazol(in)e-based hybrids,^[@ref25]^ these findings could be useful for the improvement of similar small-molecules' cytotoxicity by coordination to the Ru(II) center, and/or further investigation of the potential light-activated, dual-action cytotoxic agents.

2. Results and Discussion {#sec2}
=========================

2.1. Chemistry {#sec2.1}
--------------

The regular 3-(pyrid-2-yl)-4,5-dihydropyrazoles were synthesized from 2-acetylpyridine via a Claisen--Schmidt condensation with aromatic aldehydes, followed by heterocyclization of chalcones to pyrazolines with hydrazine hydrate^[@ref65]^ or phenylhydrazine.^[@ref66]^ To expand the structure--activity relationships, we carried out the oxidation of the pyrazolines to pyrazoles^[@ref67]^ and synthesized the inverse 1-(pyrid-2-yl)-pyrazoline ligands^[@ref68]^ ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). The Ru(II) complexes **1**--**12** ([Chart [3](#cht3){ref-type="chart"}](#cht3){ref-type="chart"}) were synthesized from a racemic mixture of the Δ and Λ enantiomers of the Ru(II) starting materials, and form a mixture of enantiomers upon coordination of the pyridyl-pyrazol(in)e ligands. Compounds **1**--**8** and **11** were synthesized from Ru(dmphen)~2~Cl~2~, compound **9** from Ru(bpy)~2~Cl~2~ (bpy is 2,2′-bipyridine), and compounds **10** and **12** from Ru(bathophen)~2~Cl~2~ (bathophen is 4,7-diphenyl-1,10-phenanthroline). The purity of all compounds was determined by high-performance liquid chromatography (HPLC) (detection wavelength = 280 nm; [Figures S33--S35](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). The Ru(II) complexes containing pyridyl-pyrazoline ligands (**1**--**6**) may exist as a mixture of four stereoisomers owing to the presence of two chiral centers ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)), i.e., metal (Λ/Δ) and ligand (*R*/*S*). The ^1^H NMR spectra of **1**--**6** exhibited the characteristic patterns of two AMX systems for CH~2~--CH protons of the pyrazoline fragment and evidenced the presence of diastereomers in the racemic mixture. In contrast to compounds **3** and **4**, there is no preference of one diastereomer for compounds **5** and **6**. Interestingly, the HPLC chromatograms for **5** and **6** exhibited two peaks with similar UV/vis profiles ([Figure S33](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)), indicating the separation of different diastereomers under HPLC conditions.

![Structures of Complexes Included in This Study[a](#c3fn1){ref-type="p"}](ao0c02079_0003){#cht3}

Upon coordination of the 3-(pyrid-2-yl)-pyrazoline ligand (L1, [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)) to \[Ru(dmphen)~2~\], the oxidation of the pyrazoline cycle into pyrazole was observed. The oxidized product **1a** was isolated and fully characterized by NMR, electrospray ionization mass spectrometry (ESI MS), and X-ray. Apparently, compound **1a** may exist as an impurity of compound **1**, and the oxidation of the pyrazoline cycle may occur not only under reaction conditions, but also upon storage when not protected from air. To minimize the impact of oxidation on compounds **1** and **2**, rapid characterization was conducted by ESI MS and ^1^H NMR techniques. Compound **1** (as the PF~6~ salt) exhibited a \[M\]^2+^ ion at *m*/*z* 385.6 in the ESI MS spectrum. In contrast, the \[M\]^2+^ ion for compound **1a** was detected at *m*/*z* 384.4 ([Figures S36 and S37](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). The ^1^H NMR spectrum of **1** showed a minor impurity of oxidized form, but the HPLC trace of compound **1** (with Cl^--^ counterions) exhibited two peaks ([Figure S34](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). While the oxidation of compounds **1** and **2** under air condition is a significant disadvantage for their in-depth investigation and their potential advancement, we decided to include them for the studies reported below to determine if these structures were worth further efforts.

2.2. Crystallography {#sec2.2}
--------------------

The structures of three complexes containing bidentate pyridyl-pyrazoline or pyrazole ligands, **1a**, **4**, and **8**, were determined by X-ray crystallography and are contrasted in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [S2--S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf). Selected bond lengths and angles are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Ellipsoid plot of ruthenium complexes **1a** (A), **4** (B), and **8** (C) at 50% probability with H atoms omitted for clarity. These side views highlight the distortion of the dmphen ligand. The black dashed line indicates the plane defined by the N3--Ru--N4 atoms, and the angle between red and black dash lines represents the ligand bend.](ao0c02079_0004){#fig1}

###### Selected Bond Lengths (Å) and Bond Angles (deg) of **1a**, **4**, and **8**

                                                         **1a**        **4**        **8**
  ------------------------------------------------------ ------------- ------------ -----------
  Bond Lengths (Å)                                                                  
  Ru--N1                                                 2.117(3)      2.124(4)     2.114(2)
  Ru--N2                                                 2.094(3)      2.130(4)     2.108(2)
  Ru--N3                                                 2.084(3)      2.112(4)     2.102(2)
  Ru--N4                                                 2.103(3)      2.121(4)     2.134(2)
  Ru--N5                                                 2.109(4)      2.070(4)     2.108(2)
  Ru--N6                                                 2.117(3)      2.075(4)     2.123(2)
  Bond Angles (deg)                                                                 
  N1--Ru--N2                                             79.42(12)     79.14(15)    79.38(10)
  N1--Ru--N3                                             102.41(12)    93.16(16)    100.63(9)
  N1--Ru--N4                                             177.93(12)    170.29(17)   177.01(9)
  N1--Ru--N5                                             96\. 34(13)   102.15(16)   97\. 5(1)
  N1--Ru--N6                                             80.45(12)     86.54(16)    83.5(1)
  N2--Ru--N3                                             93.81(12)     85.41(15)    92.99(9)
  N2--Ru--N4                                             100.94(12)    93.59(15)    103.6(1)
  N2--Ru--N5                                             173.62(13)    178.71(15)   174.12(9)
  N2--Ru--N6                                             96.87(13)     102.33(15)   96.66(9)
  N3--Ru--N4                                             79.62(12)     79.74(18)    79.42(9)
  N3--Ru--N5                                             91.76(13)     94.44(16)    92.49(10)
  N3--Ru--N6                                             169.30(13)    172.04(15)   170.07(9)
  N4--Ru--N5                                             83.12(13)     85.13(16)    79.52(9)
  N4--Ru--N6                                             97.48(13)     101.41(17)   95.98(9)
  N5--Ru--N6                                             77.63(14)     77.86(16)    77.97(10)
  dmphen (N1--N2) bend[a](#t1fn1){ref-type="table-fn"}   21.88         --11.0       16.89
  dmphen (N3--N4) bend[b](#t1fn2){ref-type="table-fn"}   19.58         --10.64      22.06

Average angle (N3--Ru--C13/C14)---90°.

Average angle (N2--Ru--C27/C28)---90°.

All three complexes exhibited a distorted octahedral geometry due to the incorporation of two dmphen ligands. This resulted in the Ru--N(dmphen) bond lengthening to 2.100 Å (average value for **1a**), 2.122 Å (average value for **4**), and 2.115 Å (average value for **8**) in comparison with 2.06 Å for analogous complexes with 2,2′-bipyridyl (bpy) coligands.^[@ref69]^ The average bond length of Ru--N5 and Ru--N6 for complex **4** is about 2.07 Å, which is almost the same as that of the \[Ru(bpy)~2~\]^2+^ analogous complex and \[Ru(bpy)~3~\]^2+^.^[@ref70]^ However, the average bond lengths for the pyridyl-pyrazole Ru--N5 and Ru--N6 for complexes **1a** (2.113 Å) and **8** (2.116 Å) are equal to the length of Ru--N(dmphen) bonds and are longer than the analogous bonds for the pyridyl-pyrazoline ligand in complex **4** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) and the dipyridylphenazine ligand (dppz, 2.083 Å) coordinated to the \[Ru(dmphen)~2~\] scaffold.^[@ref71]^

The bond angles between the trans-nitrogens of the two dmphen ligands (N1 and N4) are nonequivalent, with nearly a 10° deviation from the ideal 180° angle for complexes **1a** and **4** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Both dmphen ligands ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for compounds **1a**, **4**, and **8** are considerably bent from the normal plane, exhibiting misdirected metal--ligand bonds.^[@ref72]^ In addition, the directions of the dmphen bends are different. The dmphen ligand (N3--N4) is bent toward dmphen (N1--N2) for compound **4**, while, in contrast, the dmphen ligand (N3--N4) bend for **1a** and **8** is directed toward the pyridyl-pyrazole ligand ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The significant distortion from the ideal octahedral geometry reflects the strain in the molecules. The nonequivalent bends of the dmphen ligands could cause a difference in the photoejection kinetics for Ru(II) complexes with pyridyl-pyrazoline and pyridyl-pyrazole ligands.

2.3. Photochemistry {#sec2.3}
-------------------

The strained Ru(II) complexes **1**--**8** and **11** all exhibited selective photoejection of the pyridyl-pyrazole or pyridyl-pyrazoline ligand when irradiated with 470 nm light, as shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S6--S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf). The photochemical reactions were monitored by absorption spectroscopy, and the presence of an isosbestic point indicated the direct conversion to a single product ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The selective ejection of the pyridyl-pyrazoline/pyrazole ligands after irradiation of **4** and **8** in water was confirmed by HPLC through comparison with the starting complexes and ligands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,D). No dmphen was ejected under these conditions, excluding the possibility of the cytotoxic effect of dmphen in the cellular assay.^[@ref73]^ The UV/vis spectra upon irradiation of **1**--**8** and **11** in water exhibited the absorbance peak at 495 nm ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [S6--S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)) corresponding to the \[Ru(dmphen)~2~(H~2~O)~2~\]^2+^ photoproduct.^[@ref74]^ The photosubstitution quantum yields (Φ~PS~) for the complexes **1**--**8** and **11** with the Cl counterions were determined by an optical approach, as has been described previously.^[@ref61]^ Φ~PS~ values for complexes **3**, **4**, **7**, and **8** were found to be up to 5-fold higher than for compounds **1** and **2**. This variation in the photochemical reactivity suggests that introduction of a phenyl ring at the 1*N* of pyrazoline/pyrazole ligands increases the strain in the molecules (**3**, **4**, **7**, and **8**) and improves the photochemical reactivity. Ru(II) complexes **5** and **6** with inverse ligands exhibited 2--4-fold lower Φ~PS~ values than isomeric compounds **3** and **4** in both water and Opti-MEM. Considering that the same steric effect of the phenyl ring exists for both the regular and inverse pyridyl-ligand, the disparity in photoejection kinetics can potentially be explained by the different p*K*~a~ values for bidentate ligands ([Chart S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). The regular system has a lower p*K*~a~, which we have previously shown is associated with higher Φ~PS~ values.^[@ref61]^ Notably, the replacement of the electron-donating methoxy group (**1**, **3**, **5**, and **7**) with an electron-withdrawing chlorine (**2**, **4**, **6**, and **8**) had a minor effect on photoreactivity.

![Photochemical reactivity of compound **8**. (A) Photoejection reaction scheme. (B) Photoejection of **8** (30 μM, in water) followed by UV/vis absorption over 0--60 min irradiation with 470 nm light. Inset: linear regression for moles of reactant vs moles of photons absorbed for complex **8**. (C) Determination of the photoejection products by HPLC. Chromatogram of **8** before (black) and after 30 min irradiation (blue), in comparison with starting ligands dmphen (red) and pyridyl-pyrazole (green). (D) Absorption profile of **8** (black, retention time = 20.7 min) and the photochemical product \[Ru(dmphen)~2~(L)~2~\] (blue, retention time = 9.2 min); note that the presence of CH~3~CN in the HPLC experiment changes the absorption profile for the photoproduct.](ao0c02079_0005){#fig2}

2.4. DNA Damage {#sec2.4}
---------------

Due to the rapid photochemistry of the regular 3-(pyrid-2-yl)-1*N*-phenyl-pyrazol(in)e ligands in aqueous media, the interaction of compounds **4** and **8** with DNA was studied. DNA damage was assessed by gel electrophoresis using pUC19 plasmid DNA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Incubation of Ru(II) complexes **4** and **8** with plasmid DNA in the dark showed no interactions that caused structural perturbations at concentrations up to 125 μM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,C). In contrast, two types of DNA damage were observed upon irradiation with 470 nm light (40 J/cm^2^). Complexes **4** and **8** undergo ligand loss and covalent attachment to DNA at concentrations above 30 μM, as observed by the reduction of DNA mobility and loss of ethidium bromide (EtBr) staining.^[@ref19]^ The presence of relaxed circular DNA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,D, lanes 6--8) indicated that complexes **4** and **8** also created single-strand breaks.

![Agarose gel electrophoresis showing the dose response of compounds **4** (A, B) and **8** (C, D) incubated with 40 μg/mL pUC19 DNA in the dark (A, C) and with irradiation (470 nm light, 40 J/cm^2^ (B, D)). Lanes 1 and 12, DNA ladder; lane 2, *Eco*RI; lane 3, Cu(OP)~2~; lane 4--11, 0--500 μM. *Eco*RI and Cu(OP)~2~ are controls for linear and relaxed circle DNA, respectively.](ao0c02079_0006){#fig3}

2.5. Cytotoxicity Studies {#sec2.5}
-------------------------

The anticancer activity of complexes **1**--**12** was determined against a leukemic cell line (HL60 human promyelocytic leukemia; [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Cell death was determined after 72 h incubation with the complexes in the dark or following a 1 h incubation and subsequent light exposure (29.1 J/cm^2^) before the 72 h incubation. The initial SAR study for \[Ru(dmphen)~2~\]^2+^ complexes (**1**--**8**) with the pyridyl-pyrazol(in)e ligands was focused on: (a) the modification of the Ar substituent at the 5-position of the pyrazol(in)e moiety (cycle C, [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}); (b) the introduction of a phenyl moiety at the 1*N-*position of pyrazole (R′, see [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}); (c) regular and inverse pyridyl-pyrazoline isomerism, and (d) pyrazoline-pyrazole replacement.

###### Photophysical and Photochemical Properties, Cytotoxicity Half-Maximal Inhibitory Concentration (IC~50~) Values (μM, HL60 Cell Line), and Heat Map for the Phototoxicity Indices for Ru(II) Complexes

![](ao0c02079_0009){#fx1}

                 Φ~PS~                                                                                                       
  -------- ----- -------------------------------------- ----------- ------------------------------------------- ------------ -----
  **1**    445   0.0011(3)                              0.0022(4)   1.0 ± 0.1                                   1.6 ± 0.2    0.6
  **1a**   435   0.0062(4)                              0.0034(5)   0.2 ± 0.1                                   0.2 ± 0.1    1
  **2**    445   0.0009(3)                              0.0008(2)   0.6 ± 0.05                                  0.5 ± 0.05   1.2
  **3**    450   0.0045(5)                              0.0051(3)   2.4 ± 0.2                                   1.5 ± 0.2    1.5
  **4**    450   0.0024(3)                              0.0027(5)   0.8 ± 0.2                                   0.5 ± 0.1    1.6
  **5**    390   0.0014(3)                              0.0005(6)   0.8 ± 0.2[c](#t2fn3){ref-type="table-fn"}   1.3 ± 0.2    0.6
  **6**    390   0.0009(3)                              0.0016(4)   1.0 ± 0.2[c](#t2fn3){ref-type="table-fn"}   1.4 ± 0.2    0.7
  **7**    415   0.0026(4)                              0.0024(5)   0.9 ± 0.1                                   0.9 ± 0.1    1
  **8**    415   0.0032(6)                              0.0028(4)   7.6 ± 0.3                                   1.5 ± 0.2    5
  **9**    410   n.r.[d](#t2fn4){ref-type="table-fn"}   n.r.        44.7 ± 1.5                                  1.6 ± 0.3    28
  **10**   425   n.r.                                   n.r.        8.5 ± 0.2                                   0.6 ± 0.2    14
  **11**   415   0.0057(4)                              0.0061(6)   116.7 ± 6.6                                 0.8 ± 0.3    146
  **12**   425   n.r.                                   n.r.        29.3 ± 1.5                                  0.5 ± 0.2    59

Cytotoxicity of compounds evaluated as the average of three measurements. The IC~50~ value of cisplatin is 3.1 ± 0.3 μM.

The phototoxicity index (PI) is the ratio of the dark and light IC~50~ values.

Only 60% cell death was achieved at higher concentrations.

n.r. = no reaction.

Compounds **1**--**4**, **7**, and **8** containing the regular pyridyl-pyrazol(in)e ligands were at least 20--80-fold more potent than the parent pyridyl-pyrazol(in)e ligands ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A and [S15--S19](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)) and exhibited cytotoxicity IC~50~ values ranging from 0.2 to 7.6 μM. The activity of the complexes was sensitive to the modification of the Ar substituent at the 5-position of the pyrazoline moiety (cycle C), the introduction of a phenyl ring at the 1*N-*position (R′ = Ph), or oxidation of the pyrazoline moiety to the aromatic pyrazole (cycle B). The replacement of the electron-donating methoxy group with an electron-withdrawing chlorine had an ambiguous effect. Ruthenium complexes with chloro-substituted pyrazolines (**2**, **4**) exhibited around 2-fold larger anticancer activities than complexes **1** and **3** with the MeO group. However, complex **7** with the *p*-MeO-phenyl-substituted pyrazole ligand was more active than **8**. Despite only small reductions in the cytotoxic properties after introduction of the phenyl ring at the 1*N-*position (compounds **3**, **4**), it should be noted that compounds **1** and **2** (1*NH*-pyrazoline derivatives) exhibited total growth inhibition of cancer cells (0% viable cells) at lower concentrations than corresponding *N-*Ph-substituted analogous complexes **3** and **4** ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). The coordination of inverse pyridyl-pyrazoline ligands (type 2) to the \[Ru(dmphen)~2~\]^2+^ scaffold (complexes **5** and **6**) did not result in significant improvements in anticancer activity compared to isomeric compounds **3** and **4**. Notably, compound **1a** exhibited the highest anticancer activity on the HL60 cell line with an IC~50~ value of 0.2 μM, making it 15-fold more potent than cisplatin.

![Cytotoxicity dose responses of ruthenium complexes **1**, **3**, **8**, and **11** on the HL60 cells (*n* = 3): (A) compound **1** (□, solid purple line) in comparison with the parent pyridyl-pyrazoline ligand (Δ, dashed purple line) and complex **3** (○, solid green line); (B) light-mediated cytotoxicity for compounds **8** (○, blue) and **11** (**□**, red), indicating the improvement in the PI by introduction of a carboxylic acid group into the pyridyl-pyrazole ligand (solid line---dark conditions; dashed line---upon 1 min irradiation with \>450 nm light, 29.1 J/cm^2^).](ao0c02079_0007){#fig4}

The photoreactive compounds **1**--**8** were tested for their anticancer activity upon light activation, but except for compound **8**, did not exhibit significant improvements in cytotoxicity upon irradiation (see the phototoxicity index (PI) values in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). However, light activation of **3**--**8** resulted in much steeper dose response curves, achieving essentially complete cell death (0% viable cells) at 10-fold lower concentrations than the same compound in the dark ([Figures S16 and S17](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). This indicates a different mechanisms of action with regards to the cause of the cell death upon irradiation vs the nonirradiated cells.

Considering the low phototoxicity indices for compounds **1**--**8**, the focus shifted to diversification of the coligands in the Ru(II) heteroleptic complexes. For this, bpy and bathophen coligands were incorporated, creating two unstrained Ru(II) complexes (**9** and **10**), analogous to complex **8** ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Introduction of the bpy coligands into heteroleptic complex **9** considerably reduced the dark cytotoxicity in comparison to complex **8** and improved the light-mediated potency, with PI = 28. Complex **10**, with bathophen coligands, possessed the same range of activity as **8** under dark conditions, but showed sub-micromolar potency upon irradiation, with PI = 14.

Recently, we discovered that the introduction of a carboxylic acid-contained ligand (2,2′-biquinoline-4,4′-dicarboxylic acid) into Ru(II) complexes reduces the cytotoxicity and produces complexes that can be used for photocaging of small molecules.^[@ref62]^ Therefore, we used the same approach to reduce the cytotoxicity under dark conditions for the complexes **8** and **10**. Accordingly, the chlorine in the pyridyl-pyrazole ligand (type 3) was replaced with a carboxylic acid group and the complexes generated with dmphen (**11**) and bathophen (**12**) coligands. These +1 complexes were studied under dark conditions and possessed up to 15-fold lower cytotoxicity than the corresponding +2 charged complexes **8** and **10** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Fortunately, incorporation of the carboxylic acid did not affect the light-mediated activity; sub-micromolar potency was exhibited by complex **11** upon irradiation, as the same ligand-deficient Ru(II) active species is produced as for complexes **1**--**8**. This modification resulted in the largest phototoxicity index (146) for this group of compounds.

2.6. In-Cell Transcription and Translation Assay {#sec2.6}
------------------------------------------------

To investigate the impact of the Ru(II) complexes on the essential biological processes, a cell-based transcription and translation assay was performed using the photoconvertible protein, Dendra2, as a reporter for protein synthesis.^[@ref75]^ This allowed for a real-time report in live cells of any damage to the DNA, RNA, or the ribosome or inhibition of any essential components of the cellular machinery responsible for the processes of transcription and translation.

Dendra2 is a photoconvertible protein; upon irradiation, the chromophore within the protein undergoes a chemical reaction and switches from green to red fluorescence, while Dendra2 synthesized after this irradiation step will only show green fluorescence. Therefore, this assay provides a real-time observation of the newly synthesized protein, with ratiometric detection compared to the previously made protein, providing an assay for inhibition of protein synthesis that can be assessed in dose response and with kinetic information. Previously, we established that anticancer 8-hydroxyquinolines (HQs) coordinated with the \[Ru(dmphen)~2~\]^2+^ scaffold exhibit inhibition of protein production at sub-micromolar concentrations, as indicated by the reduction in the expression of Dendra2.^[@ref76]^ Therefore, to narrow down the possible mechanisms of action causing the cytotoxicity, complexes **4** and **8** were tested for inhibition of protein synthesis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B). Rapamycin was used as a positive control, with the results shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C. Rapamycin is an inhibitor of the mammalian target of rapamycin (mTOR) pathway, which is involved in regulating protein synthesis. An IC~50~ for inhibition of protein synthesis of 6.3 μM was observed for rapamycin. Complexes **4** and **8** had no effect that resulted in the reduction in Dendra2 production at concentrations up to 30 μM. These data indicate that inhibition of either transcription or translation is not the causative mechanism involved in the cytotoxicity of Ru(II) complexes with pyridyl-pyrazole ligands, in contrast to cytotoxic HQs coordinated with the \[Ru(dmphen)~2~\]^2+^ scaffold.^[@ref76]^

![Inhibition of protein synthesis (A--C) and examination of mitochondria dysfunction (D). Emission of the photoconvertible protein, Dendra2, was monitored over time to report on protein production. (A) Complex **4** (0--100 μM); (B) complex **8** (0--100 μM); (C) rapamycin (0--20 μM). (D) Time-dependent inhibition of mitochondrial function with complex **2** upon dark (blue) and light (red) conditions compared with the control compound (carbonyl cyanide *m*-chlorophenyl hydrazone (CCCP), gray).](ao0c02079_0008){#fig5}

2.7. Mitochondria Dysfunction {#sec2.7}
-----------------------------

Alternatively, the compounds could cause cell death through damage to the mitochondria. This mechanism of action has been previously established for a variety of anticancer Ru(II) complexes with dmphen coligands.^[@ref44],[@ref51],[@ref55]^ To test this, the mitochondrial membrane potential was examined by fluorescent dye tetramethylrhodamine ethyl ester perchlorate (TMRE), which is excluded from active mitochondria but not dysfunctional mitochondria. A cyanide compound, carbonyl cyanide *m*-chlorophenyl hydrazone (CCCP), was used as a positive control for mitochondria dysfunction. For this assay, A549 nonsmall cell lung cancer cells were treated with complexes **2**, **4**, and **8**, at concentrations twice their IC~50~ values under both dark and light (1 min with Indigo LED, 29.1 J/cm^2^) conditions. The fluorescence intensity from TMRE was normalized, with the no-cells reading set as 0% and the no-treatment cell reading as 100%. Upon treatment of all three compounds, a rapid decrease of 20--30% of the mitochondrial membrane potential was observed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). In contrast, the positive control cyanide compound inhibits ∼80% of the mitochondria function. Thus, the loss of the mitochondrial membrane potential does not appear to be the cause of the cytotoxicity of these complexes.

3. Conclusions {#sec3}
==============

Previous work using the \[Ru(dmphen)~2~\]^2+^ scaffold resulted in metal complexes that are photoreactive cytotoxins with potential utility for PACT.^[@ref17]^ However, this framework has also shown potential to enhance the anticancer activity of small molecules, such as HQs,^[@ref11],[@ref76]^ pyridyl-benzazoles,^[@ref16]^ and modified phenanthrolines.^[@ref44],[@ref50],[@ref55]^ To expand the repertoire of strained polypyridyl compounds with applications in PACT, we synthesized and investigated the photochemical and biological properties of a group of Ru(II) complexes with pyridyl-pyrazol(in)e ligands. The choice of new five-membered ligands was motivated by the biological potential of the free ligands and previous results for photoactive heteroleptic Ru(II) complexes with pyridyl-benzazole ligands.^[@ref16]^ Recently, we established that the electronic features can be used to tune the photochemistry of Ru(II) complexes for biological applications; this was demonstrated for monodentate ligands, which act as leaving groups.^[@ref61],[@ref62]^ Additionally, it is known that Ru(II) complexes that contain the pyridyl-1,2,3-triazole ligand^[@ref63]^ or pyridyl-benzazole ligands^[@ref16]^ are photolabile. Therefore, we hypothesized that pyridyl-pyrazol(in)es can be utilized as bidentate leaving groups for cytotoxic Ru(II) scaffolds. Fortunately, complexes **3**, **4**, **7**, and **8**, which include a phenyl moiety at the 1*N-*position of pyrazol(in)e, exhibited rapid and selective photoejection of the pyrazol(in)e-containing ligand when irradiated with \>450 nm light. We established that compounds **1**--**4**, **7**, and **8**, with regular pyridyl-pyrazol(in)e ligands, were at least 20--80-fold more potent than the parent pyridyl-pyrazol(in)es, and exhibited anticancer activity in the HL60 cell line, with IC~50~ values ranging from 0.2 to 7.6 μM. Light activation of **3**, **4**, **7**, and **8** resulted in complete cell death at 10-fold lower concentrations than under dark conditions but did not show a significant improvement in the IC~50~ values. Complexes **5** and **6** with inverse pyridyl-pyrazoline ligands exhibited the same dark potency against the HL60 cell line as **1**--**4**. In addition, these compounds exhibit slow photoejection, which diminishes their utility for PACT. Diversification of the coligands in the complex improved the phototoxicity indicies from PI = 5 up to 28 for compound **9**. Finally, the introduction of a carboxylic acid in heteroleptic complexes **11** and **12** provided the largest PI values (146 and 59) by a remarkable reduction in the dark cytotoxicity. This points toward a rational design strategy utilizing pendent carboxylic acids for the creation of photoactive heteroleptic Ru (II) complex candidates for PACT.

4. Experimental Section {#sec4}
=======================

4.1. Materials and Instrumentation {#sec4.1}
----------------------------------

All materials that were purchased from commercial sources were used without any further purification. All ^1^H NMR were obtained on a Varian mercury spectrometer (400 MHz), and chemical shifts are reported relative to the residual solvent peak of CD~3~CN (δ 1.94). Electrospray ionization (ESI) mass spectra were obtained on a Varian 1200L mass spectrometer at the Environmental Research Training Laboratory (ERTL) at the University of Kentucky. The UV/vis absorption spectra were obtained on a BMG Labtech FLUOstar Omega microplate reader. Light activation experiments were performed using a 470 nm LED array from Elixa (for photochemistry and DNA gels) or with \>450 nm light using the Indigo LED (for cytotoxicity experiments). The Prism software package was used to analyze the data.

4.2. HPLC Analysis for Purity and Photoejection Products {#sec4.2}
--------------------------------------------------------

The purity of each of the Ru(II) complexes **1**--**12** and photoejection products were analyzed using an Agilent 1100 series HPLC equipped with a model G1311A quaternary pump, G1315B UV diode array detector (detection wavelength of 280 nm), and ChemStation software version B.01.03. Chromatographic conditions were optimized on a Column Technologies Inc. A C18 120 Å column was used for compounds **4**, **8**, **10** and **12**, and a Phonomenex Luna 5 μm C18(2) 100 Å was used for compounds **1**--**3**, **6**, **7**, and **11**. Both columns were fitted with a Phenomenex C18 guard column. Mobile phases consisted of 0.1% formic acid in dH~2~O and 0.1% formic acid in HPLC grade CH~3~CN. The samples of each Ru(II) complex were prepared at a final concentration of 10--100 μM in dH~2~O and protected from light (dark controls/purity analysis) or irradiated to determine the photoejection products.

4.3. Synthesis and Characterization of Ru(II) Complexes {#sec4.3}
-------------------------------------------------------

### 4.3.1. General Procedure for the Synthesis of \[Ru(dmphen)~2~L\] Complexes **1**--**8** and **11** {#sec4.3.1}

The starting material \[Ru(dmphen)~2~Cl~2~\] (120 mg, 0.2 mmol) and pyrazole-containing ligand (1.1 equiv) were added to 4 mL of ethylene glycol in a 15 mL pressure tube. The mixture was heated at 100--120 °C for 2 h (12 h for compound **1a**) while protected from light. The dark orange solution was allowed to cool to room temperature and poured into 50 mL of dH~2~O. Addition of a saturated aq KPF~6~ solution (ca. 1 mL) produced a red or red-orange precipitate that was collected by vacuum filtration. The purification of the solid was carried out by flash chromatography (silica gel, loaded in 0.1% KNO~3~, 5%H~2~O in MeCN). A gradient was run, and the pure complex was eluted at 0.2% KNO~3~, 5--10% H~2~O in MeCN. The product fractions were concentrated under reduced pressure, and a saturated aq solution of KPF~6~ was added, followed by extraction of the complex into CH~2~Cl~2~. The solvent was removed under reduced pressure to give a solid.

#### 4.3.1.1. Complex **1** {#sec4.3.1.1}

Yield: 38 mg (18%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 1:9. ^1^H NMR (CD~3~CN): δ 8.64--8.69 (m, 1H), 8.51--8.58 (m, 2H), 8.35--8.38 (m, 1H), 8.23--8.27 (m, 1H), 8.04--8.15 (m, 3H), 7.80 (d, *J* = 8.3 Hz, 0.9H), 7.51--7.75 (m, 4.2H), 7.44 (d, *J* = 7.9 Hz, 0.9H), 7.06 (d, *J* = 8.7 Hz, 0.2H), 6.82--6.90 (m, 2.2H), 6.76 (d, *J* = 8.7 Hz, 1.8H), 6.35 (d, *J* = 8.6 Hz, 1.8H), 6.21 (d, *J* = 3.3 Hz, 0.9H), 5.41 (d, *J* = 3.7 Hz, 0.1H), 4.76--4.83 (m, 0.9H), 4.27--4.35 (m, 0.1H), 3.74--3.82 (m, 3.9H), 3.49 (dd, *J* = 17.8, 11.5 Hz, 0.1H), 3.26--3.34 (m, 0.1H), 2.69--2.79 (m, 3.9H), 2.00 (s, 2.7H), 1.96 (s, 0.3H), 1.91 (s, 0.3H), 1.88 (s, 2.7H), 1.85--1.86 (m, 3H). Purity by HPLC = 98% (compound **1a** was detected by HPLC due to oxidation of **1**; less than 2% correspond to contaminants, see [Figure S34](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). ESI MS calcd for C~43~H~39~N~7~ORu \[M^2+^·PF~6~^--^\]^+^ 916.19, \[M\]^2+^ 385.62; found 916.4 \[M^2+^·PF~6~^--^\]^+^, 385.6 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 445 (15.9).

#### 4.3.1.2. Complex **1a** {#sec4.3.1.2}

Yield: 95 mg (45%). ^1^H NMR (CD~3~CN): δ 10.70 (brs, 1H), 8.65--8.67 (m, 2H), 8.34 (t, *J* = 8.5 Hz, 2H), 8.24--8.28 (m, 2H), 8.12--8.14 (m, 2H), 7.86 (d, *J* = 7.7 Hz, 1H), 7.73--7.80 (m, 3H), 7.50 (d, *J* = 8.4 Hz, 1H), 7.41 (d, *J* = 8.3 Hz, 1H), 7.02--7.09 (m, 3H), 6.82--6.93 (m, 4H), 3.80 (s, 3H), 2.14 (s, 3H), 1.97 (s, 3H), 1.88 (s, 3H), 1.87 (s, 3H). Purity by HPLC = 99%. ESI MS calcd for C~43~H~37~N~7~ORu \[M\]^2+^ 384.61; found 384.5 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 435 (12.3).

#### 4.3.1.3. Complex **2** {#sec4.3.1.3}

Yield: 73 mg (28%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 1:3. ^1^H NMR (CD~3~CN): δ 8.64--8.69 (m, 1H), 8.52--8.57 (m, 2H), 8.34--8.38 (m, 1H), 8.22--8.27 (m, 1H), 8.06--8.15 (m, 3H), 7.80 (d, *J* = 8.4 Hz, 0.75H), 7.50--7.75 (m, 5H), 7.44 (d, *J* = 7.8 Hz, 0.75H), 7.31 (d, *J* = 8.5 Hz, 0.5H), 7.24 (d, *J* = 8.4 Hz, 1.5H), 7.13 (d, *J* = 8.4 Hz, 0.5H), 6.83--6.86 (m, 2H), 6.39 (d, *J* = 8.4 Hz, 1H), 6.28 (d, *J* = 4.7 Hz, 0.75H), 5.45 (d, *J* = 4.5 Hz, 0.25H), 4.81--4.88 (m, 0.75H), 4.35--4.42 (m, 0.25H), 3.84 (dd, *J* = 17.9, 12.2 Hz, 0.75H), 3.59 (dd, *J* = 17.6, 11.3 Hz, 0.25H), 3.23--3.31 (m, 0.25H), 2.74--2.82 (m, 1.5H), 2.68 (s, 2.25H), 2.00 (s, 2.25H), 1.91 (s, 0.75H), 1.83--1.89 (m, 6H). Purity by HPLC = 95% (oxidized product was detected; less than 5% correspond to contaminants, see [Figure S35](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02079/suppl_file/ao0c02079_si_001.pdf)). ESI MS calcd for C~42~H~36~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 920.14, \[M\]^2+^ 387.59; found 920.2 \[M^2+^·PF~6~^--^\]^+^, 387.5 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 445 (11.5).

#### 4.3.1.4. Complex **3** {#sec4.3.1.4}

Yield: 81 mg (42%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 9:1. ^1^H NMR (CD~3~CN): δ 8.57--8.63 (m, 1H), 8.46--8.52 (m, 1H), 8.34 (d, *J* = 5.6 Hz, 0.9H), 8.11--8.16 (m, 2H), 7.88--8.03 (m, 3.8H), 7.61--7.82 (m, 5.1H), 7.31--7.39 (m, 2.7H), 7.13--7.21 (m, 0.3H), 7.07 (d, *J* = 8.3 Hz, 0.9H), 6.79--6.92 (m, 3.1H), 6.69 (d, *J* = 8.6 Hz, 0.2H), 6.22--6.39 (m, 1H), 5.86--6.14 (m, 3H), 5.59 (dd, *J* = 12.4, 10.0 Hz, 0.1H), 5.22 (dd, *J* = 15.0, 10.2 Hz, 0.9H), 4.32--4.44 (m, 1H), 3.88 (dd, *J* = 18.1, 10.1 Hz, 0.1H), 3.78 (dd, *J* = 17.8, 15.2 Hz, 0.9H), 3.74 (s, 2.7H), 3.65 (s, 0.3H), 2.91 (s, 0.3H), 2.84 (s, 2.7H), 2.44 (s, 2.7H), 2.40 (s, 0.3H), 1.53--1.54 (m, 5.4H), 1.26--1.28 (m, 0.6H). Purity by HPLC = 98%. ESI MS calcd for C~49~H~43~N~7~Ru \[M^2+^·PF~6~^--^\]^+^ 992.22, \[M\]^2+^ 423.63; found 992.4 \[M^2+^·PF~6~^--^\]^+^, 423.7 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 450 (11.0).

#### 4.3.1.5. Complex **4** {#sec4.3.1.5}

Yield: 88 mg (31%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 3:1. ^1^H NMR (CD~3~CN): δ 8.63 (d, *J* = 8.3 Hz, 0.2H), 8.58 (d, *J* = 8.3 Hz, 0.8H), 8.51 (d, *J* = 8.3 Hz, 0.8H), 8.47 (d, *J* = 8.4 Hz, 0.2H), 8.34--8.36 (m, 1H), 8.13--8.18 (m, 2H), 7.88--8.03 (m, 4H), 7.61--7.81 (m, 5H), 7.31--7.49 (m, 4H), 7.12--7.22 (m, 1H), 7.07 (d, *J* = 8.3 Hz, 0.8H), 6.94--6.98 (m, 0.2H), 6.81--6.84 (m, 1H), 6.26--6.45 (m, 1H), 5.92--6.20 (m, 3H), 5.63 (dd, *J* = 12.7, 10.3 Hz, 0.2H), 5.27 (dd, *J* = 14.8, 10.6 Hz, 0.8H), 4.46 (dd, *J* = 18.0, 10.7 Hz, 0.8H), 4.40 (dd, *J* = 18.9, 12.6 Hz, 0.2H), 3.86 (dd, *J* = 18.9, 10.2 Hz, 0.2H), 3.80 (dd, *J* = 17.9, 14.7 Hz, 0.8H), 2.91 (s, 0.6H), 2.81 (s, 2.4H), 2.43 (s, 2.4H), 2.37 (s, 0.6H), 1.54 (brs, 4.8H), 1.28 (brs, 1.2H). Purity by HPLC = 96%. ESI MS calcd for C~48~H~40~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 996.17, \[M\]^2+^ 425.61; found 996.2 \[M^2+^·PF~6~^--^\]^+^, 425.5 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 450 (14.9).

#### 4.3.1.6. Complex **5** {#sec4.3.1.6}

Yield: 138 mg (56%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 55:45. ^1^H NMR (CD~3~CN): δ 8.63 (d, *J* = 8.3 Hz, 0.45H), 8.46--8.54 (m, 2.55H), 8.04--8.19 (m, 2.55H), 7.81--7.97 (m, 2.45H), 7.72--7.75 (m, 1H), 7.60--7.63 (m, 1H), 7.55 (d, *J* = 8.4 Hz, 0.45H), 7.34--7.49 (m, 2.55H), 7.27--7.29 (m, 1H), 6.84--7.09 (m, 5H), 6.54--6.67 (m, 4H), 6.40--6.46 (m, 1.55H), 6.28 (t, *J* = 6.2 Hz, 0.45H), 5.49 (dd, *J* = 11.6, 7.7 Hz, 0.45H), 5.40 (dd, *J* = 12.2, 8.8 Hz, 0.55H), 3.95 (dd, *J* = 19.7, 12.2 Hz, 0.45H), 3.77--3.85 (m, 3.55H), 3.33 (s, 1.65H), 3.29 (dd, *J* = 19.6, 8.7 Hz, 0.55H), 3.19 (dd, *J* = 19.7, 7.8 Hz, 0.45H), 3.03 (s, 1.35H), 2.10 (s, 1.35H), 2.09 (s, 1.65), 1.87 (s, 1.65H), 1.77 (s, 1.35H), 1.54 (s, 1.35H), 1.41 (s, 1.65H). Purity by HPLC = 95%. ESI MS calcd for C~49~H~43~N~7~ORu \[M^2+^·PF~6~^--^\]^+^ 992.22, \[M\]^2+^ 423.63; found 992.3 \[M^2+^·PF~6~^--^\]^+^, 423.7 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 400 (10.6).

#### 4.3.1.7. Complex **6** {#sec4.3.1.7}

Yield: 64 mg (27%). Ratio (%) of diastereomers (Λ)-(*S*)/(Λ)-(*R*) = 3:2. ^1^H NMR (CD~3~CN): δ 8.48--8.63 (m, 3H), 8.06--8.20 (m, 2.6H), 7.83--7.97 (m, 2.4H), 7.72--7.75 (m, 1H), 7.29--7.63 (m, 7H), 6.85--7.11 (m, 3H), 6.29--6.69 (m, 6H), 5.53 (dd, *J* = 11.7, 8.1 Hz, 0.4H), 5.44 (dd, *J* = 12.3, 8.9 Hz, 0.6H), 3.99 (dd, *J* = 19.8, 12.4 Hz, 0.6H), 3.83 (dd, *J* = 19.7, 11.7 Hz, 0.4H), 3.34 (s, 1.8H), 3.29 (dd, *J* = 19.8, 9.1 Hz, 0.6H), 3.20 (dd, *J* = 19.6, 8.1 Hz, 0.4H), 3.00 (s, 1.2H), 2.13 (s, 1.2H), 2.07 (s, 1.8), 1.90 (s, 1.8H), 1.76 (s, 1.2H), 1.55 (s, 1.2H), 1.41 (s, 1.8H). Purity by HPLC = 91%. ESI MS calcd for C~48~H~40~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 996.17, \[M\]^2+^ 425.61; found 996.3 \[M^2+^·PF~6~^--^\]^+^, 425.6 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 400 (12.7).

#### 4.3.1.8. Complex **7** {#sec4.3.1.8}

Yield: 44 mg (22%). ^1^H NMR (CD~3~CN): δ 8.47 (d, *J* = 8.3 Hz, 1H), 8.39 (d, *J* = 8.3 Hz, 1H), 8.35 (d, *J* = 8.4 Hz, 1H), 7.99--8.12 (m, 4H), 7.95 (d, *J* = 8.7 Hz, 1H), 7.84 (td, *J* = 7.8, 1.3 Hz, 1H), 7.76 (d, *J* = 8.7 Hz, 1H), 7.65 (d, *J* = 8.4 Hz, 1H), 7.59 (d, *J* = 8.3 Hz, 1H), 7.49 (s, 1H), 7.41 (d, *J* = 8.3 Hz, 1H), 7.32 (d, *J* = 8.4 Hz, 1H), 7.15--7.16 (m, 1H), 6.95 (d, *J* = 8.9 Hz, 2H), 6.89 (ddd, *J* = 8.0, 5.9, 1.5 Hz, 2H), 6.78 (t, *J* = 7.0 Hz, 1H), 6.71 (d, *J* = 8.9 Hz, 2H), 6.15 (brs, 1H), 5.40 (brs, 1H), 3.68 (s, 3H), 2.59 (s, 3H), 2.13 (s, 3H), 1.73 (s, 3H), 1.41 (s, 3H). Purity by HPLC = 97%. ESI MS calcd for C~49~H~41~N~7~ORu \[M^2+^·PF~6~^--^\]^+^ 990.21, \[M\]^2+^ 422.62; found 990.2 \[M^2+^·PF~6~^--^\]^+^, 422.4 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 415 (12.8).

#### 4.3.1.9. Complex **8** {#sec4.3.1.9}

Yield: 58 mg (30%). ^1^H NMR (CD~3~CN): δ 8.47 (d, *J* = 8.3 Hz, 1H), 8.40 (d, *J* = 8.3 Hz, 1H), 8.35 (d, *J* = 8.4 Hz, 1H), 8.12 (d, *J* = 7.8 Hz, 1H), 8.04--8.07 (m, 2H), 8.00 (d, *J* = 8.7 Hz, 1H), 7.95 (d, *J* = 8.7 Hz, 1H), 7.85 (td, *J* = 7.8, 1.3 Hz, 1H), 7.76 (d, *J* = 8.7 Hz, 1H), 7.65 (d, *J* = 8.4 Hz, 1H), 7.59 (d, *J* = 8.3 Hz, 1H), 7.56 (s, 1H), 7.41 (d, *J* = 8.3 Hz, 1H), 7.32 (d, *J* = 8.4 Hz, 1H), 7.16--7.22 (m, 4H), 6.99 (ddd, *J* = 8.0, 5.9, 1.5 Hz, 2H), 6.88--6.92 (m, 1H), 6.79--6.82 (m, 2H), 6.16 (brs, 1H), 5.41 (brs, 1H), 2.58 (s, 3H), 2.13 (s, 3H), 1.96 (s, 3H), 1.73 (s, 3H). Purity by HPLC = 95%. ESI MS calcd for C~48~H~38~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 994.16, \[M\]^2+^ 424.60; found 994.1 \[M^2+^·PF~6~^--^\]^+^, 424.6 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 415 (12.2).

#### 4.3.1.10. Complex **11** {#sec4.3.1.10}

Yield: 20 mg (20%). ^1^H NMR (CD~3~CN): δ 8.46 (d, *J* = 8.3 Hz, 1H), 8.39 (d, *J* = 8.3 Hz, 1H), 8.35 (d, *J* = 8.4 Hz, 1H), 8.14 (d, *J* = 7.8 Hz, 1H), 7.99--8.06 (m, 3H), 7.94 (d, *J* = 8.7 Hz, 1H), 7.85 (t, *J* = 7.8 Hz, 1H), 7.75 (d, *J* = 8.6 Hz, 3H), 7.64 (d, *J* = 8.3 Hz, 1H), 7.62 (s, 1H), 7.59 (d, *J* = 8.3 Hz, 1H), 7.40 (d, *J* = 8.3 Hz, 1H), 7.31 (d, *J* = 8.3 Hz, 1H), 7.17 (d, *J* = 5.3 Hz, 1H), 7.09 (d, *J* = 8.0 Hz, 2H), 6.91 (t, *J* = 7.2 Hz, 1H), 6.78 (t, *J* = 6.4 Hz, 1H), 6.15 (brs, 1H), 5.40 (brs, 1H), 2.59 (s, 3H), 2.13 (s, 3H), 1.72 (s, 3H), 1.41 (s, 3H). Purity by HPLC = 95%. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 415 (11.1).

### 4.3.2. General Procedure for Synthesis of Unstrained Ru(II) Complexes **9**, **10** and **12** {#sec4.3.2}

Starting material \[Ru(bpy)~2~Cl~2~\] (for complex **9**) or \[Ru(bathophen)~2~Cl~2~\] (for complexes **10** and **12**, 0.2 mmol) and the pyridyl-pyrazole ligand (1.1 equiv) were added to 6 mL of EtOH/H~2~O mixture (1:1) in a 15 mL pressure tube. The mixture was heated at 90 °C for 2 h. The dark orange solution was allowed to cool to room temperature and poured into 50 mL of dH~2~O. Addition of a saturated aq KPF~6~ solution (ca. 1 mL) produced a red-orange precipitate that was collected by vacuum filtration. The purification of the solid was carried out by flash chromatography (silica gel, loaded in 0.1% KNO~3~, 5%H~2~O in MeCN). A gradient was run, and the pure complex was eluted at 0.2% KNO~3~, 5--10% H~2~O in MeCN. The product fractions were concentrated under reduced pressure, and a saturated aq solution of KPF~6~ was added, followed by extraction of the complex into CH~2~Cl~2~. The solvent was removed under reduced pressure to give a solid.

#### 4.3.2.1. Complex **9** {#sec4.3.2.1}

Yield: 122 mg (61%). ^1^H NMR (CD~3~CN): δ 8.42 (d, *J* = 8.0 Hz, 1H), 8.37 (d, *J* = 8.2 Hz, 2H), 8.29 (t, *J* = 7.7 Hz, 2H), 8.03--8.14 (m, 4H), 7.96 (ddd, *J* = 9.5, 8.0, 1.5 Hz, 1H), 7.86 (d, *J* = 6.5 Hz, 1H), 7.58--7.65 (m, 3H), 7.46--7.51 (m, 3H), 7.25--7.35 (m, 6H), 7.16--7.20 (m, 2H), 7.12 (d, *J* = 6.9 Hz, 1H), 7.02--7.08 (m, 2H), 6.87 (ddd, *J* = 7.2, 5.6, 1.3 Hz, 1H), 6.77 (t, *J* = 7.1 Hz, 1H), 6.20 (d, *J* = 7.2 Hz, 1H). Purity by HPLC = 99%. ESI MS calcd for C~40~H~30~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 890.09, \[M\]^2+^ 372.57; found 890.1 \[M^2+^·PF~6~^--^\]^+^, 372.5 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 410 (12.2).

#### 4.3.2.2. Complex **10** {#sec4.3.2.2}

Yield: 190 mg (68%). ^1^H NMR (CD~3~CN): δ 8.93 (d, *J* = 5.4 Hz, 1H), 8.47 (d, *J* = 5.4 Hz, 1H), 8.40 (d, *J* = 7.8 Hz, 1H), 8.06--8.21 (m, 4H), 7.99 (d, *J* = 9.4 Hz, 1H), 7.95 (d, *J* = 5.4 Hz, 1H), 7.83--7.86 (m, 2H), 7.45--7.76 (m, 25H), 7.16--7.27 (m, 5H), 7.04--7.07 (m, 2H), 6.92 (t, *J* = 7.5 Hz, 1H), 6.23 (t, *J* = 7.3 Hz, 1H), 5.77 (d, *J* = 7.8 Hz, 1H). Purity by HPLC = 98%. ESI MS calcd for C~68~H~46~ClN~7~Ru \[M^2+^·PF~6~^--^\]^+^ 1242.22, \[M\]^2+^ 548.63; found 1242.2 \[M^2+^·PF~6~^--^\]^+^, 548.6 \[M\]^2+^. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 425 (23.0).

#### 4.3.2.3. Complex **12** {#sec4.3.2.3}

Yield: 160 mg (57%). ^1^H NMR (CD~3~CN): δ 8.94 (d, *J* = 5.4 Hz, 1H), 8.47 (d, *J* = 5.4 Hz, 1H), 8.41 (d, *J* = 7.8 Hz, 1H), 8.07--8.20 (m, 4H), 8.00 (d, *J* = 9.4 Hz, 1H), 7.95 (d, *J* = 5.4 Hz, 1H), 7.82--7.86 (m, 4H), 7.45--7.78 (m, 25H), 7.24--7.30 (m, 3H), 7.04--7.08 (m, 2H), 6.94 (t, *J* = 7.4 Hz, 1H), 6.24 (t, *J* = 7.3 Hz, 1H), 5.79 (d, *J* = 7.9 Hz, 1H). Purity by HPLC = 96%. UV (CH~3~CN): λ~max~ nm (ε × 10^--3^) 425 (24.1).

4.4. Crystallography {#sec4.4}
--------------------

Single crystals of compounds **1a**, **4**, and **8** were grown from methylene chloride or acetone by vapor diffusion of diethyl ether, mounted in an inert oil, and transferred to the cold gas stream of the diffractometer. X-ray diffraction data were collected at 90.0(2) K on either a Nonius KappaCCD diffractometer using Mo*Kα* X-rays or on a Bruker-Nonius X8 Proteum diffractometer with graded-multilayer focused Cu Kα X-rays. Raw data were integrated, scaled, merged, and corrected for Lorentz-polarization effects using either the HKL-SMN package^[@ref77]^ or the APEX2 package.^[@ref78]^ Corrections for absorption were applied using SADABS^[@ref79]^ and XABS2.^[@ref80]^ The structures were solved by SHELXT^[@ref81]^ and refined against *F*^2^ by weighted full-matrix least-squares using SHELXL-2014.^[@ref82]^ For compound **8**, the SQUEEZE routine^[@ref83]^ was used to treat disordered solvent. Hydrogen atoms were placed at the calculated positions and refined using a riding model. Nonhydrogen atoms were refined with the anisotropic displacement parameters. Structures were checked using check CIF tools in Platon^[@ref84]^ and by an R-tensor.^[@ref85]^ Crystal data and relevant details of the structure determinations are summarized below.

### 4.4.1. Crystal Data (**1a**, CCDC 2006205) {#sec4.4.1}

C~47~H~47~F~12~N~7~O~2~P~2~Ru, *M*~r~ = 1132.92, monoclinic, *C*2/*c*, *a* = 25.3195(5) Å, α = 90°, *b* = 27.6183(5) Å, β = 116.666(1)°, *c* = 17.9680(3) Å, γ = 90°, *V* = 11228.3(4)Å^3^, *Z* = 8, ρ = 1.34 mg/m^3^, μ = 3.513 mm^--1^, *F*(000) = 4608, crystal size = 0.240 × 0.03 × 0.02 mm^3^, θ(max) = 68.450°, 73 439 reflections collected, 10 219 unique reflections (*R*~int~ = 0.0714), goodness of fit (GOF) = 1.029, *R*~1~ = 0.047 and w*R*~2~ = 0.1305 \[*I* \> 2σ(*I*)\], *R*~1~ = 0.0681 and w*R*~2~ = 0.1442 (all indices), largest difference peak/hole = 1.009/--0.581 e/Å^3^.

### 4.4.2. Crystal Data (**4**, CCDC 1996034) {#sec4.4.2}

C~41~H~40~ClF~12~N~7~P~2~Ru, *M*~r~ = 1141.33, triclinic, *P*1̅, *a* = 10.8291(6) Å, α = 86.860(3)°, *b* = 11.0247(6) Å, β = 84.770(3)°, *c* = 21.5477(12) Å, γ = 79.645(2)°, *V* = 2518.2(2) Å^3^, *Z* = 4, ρ = 1.505 mg/m^3^, μ = 4.371 mm^--1^, *F*(000) = 1152, crystal size = 0.240 × 0.200 × 0.190 mm^3^, θ(max) = 68.460°, 32 007 reflections collected, 8942 unique reflections (*R*~int~ = 0.0535), GOF = 1.198, *R*~1~ = 0.0598 and w*R*~2~ = 0.1487 \[*I* \> 2σ(*I*)\], *R*~1~ = 0.0620 and w*R*~2~ = 0.1501 (all indices), largest difference peak/hole = 0.999/--0.888 e/Å^3^.

### 4.4.3. Crystal Data (**8**, CCDC 1996035) {#sec4.4.3}

C~99~H~84~Cl~2~F~24~N~14~O~2~P~4~Ru~2~, *M*~r~ = 2354.72, monoclinic, *C*2/*c*, *a* = 28.6521(2) Å, α = 90°, *b* = 22.6211(2) Å, β = 128.0180(4)°, *c* = 21.4137(2) Å, γ = 90°, *V* = 10934.20(17) Å^3^, *Z* = 4, ρ = 1.430 mg/m^3^, μ = 0.477 mm^--1^, *F*(000) = 4760, crystal size = 0.350 × 0.300 × 0.210 mm^3^, θ(max) = 27.697°, 126 391 reflections collected, 12 653 unique reflections (*R*~int~ = 0.0357), GOF = 1.073, *R*~1~ = 0.0538 and w*R*~2~ = 0.1673 \[*I* \> 2σ(*I*)\], *R*~1~ = 0.0669 and w*R*~2~ = 0.1785 (all indices), largest difference peak/hole = 1.347/--0.677 e/Å^3^.

4.5. Counterion Exchange {#sec4.5}
------------------------

Compounds **1**--**12** were converted to Cl^--^ salts by dissolving 5--20 mg of the product in 1--2 mL of methanol. The dissolved product was loaded onto an Amberlite IRA-410 chloride ion exchange column, eluted with methanol, and the solvent was removed in vacuo.

4.6. Photoejection Studies {#sec4.6}
--------------------------

Quantum yields for the complexes **1**--**8** and **11** with the Cl counterions were determined by an optical approach, as has been described previously.^[@ref61]^ The Ru(II) complexes were analyzed in a 96-well plate at a final concentration of 25--35 μM and a path length of 0.5 cm. Scans were taken at set time points for 300 min. In all cases, the light source was a 470 nm LED array from Elixa. The photon flux of the lamp for irradiation in the plate was determined by a ferrioxalate actinometer (1.77 × 10^--8^ E/s).

The absorbance of complexes at a concentration of 25--35 μM at 470 nm was from 0.07 to 0.19 with photon absorption probability (*F*) from 0.14 to 0.36. Therefore, the moles of the photon absorbed have been calculated as the product of photons irradiated and photon absorption probability.

4.7. Cytotoxicity Assay {#sec4.7}
-----------------------

The HL60 cells were plated at 30 000 cells/well in Opti-MEM media with 1% fetal bovine serum (FBS) and Pen-Strep in 96-well plates. Compounds were serially diluted in opti-MEM with 1% FBS and Pen-Strep in a 96-well plate and then added to the cells. They were then irradiated with 29.1 J/cm^2^ light (\>450 nm using the Indigo LED) for 1 min or kept in the dark. The cells were incubated with the compounds for 72 h followed by the addition of resazurin. The plates were incubated for 3 h and then read on a SpectraFluor Plus plate reader with an excitation filter of 535 nm and an emission of 595 nm.

4.8. DNA Gel Electrophoresis. {#sec4.8}
-----------------------------

Compounds were mixed with 40 μg/mL pUC19 plasmid DNA in 10 mM potassium phosphate buffer, pH 7.4. To determine the effect of light, the samples were irradiated with light (470 nm) from a 200 W light source (LED array from Elixa) for total light doses of 40 J/cm^2^. The samples were then incubated for 12 h at room temperature in the dark. Single- and double-strand DNA break controls were prepared, and the DNA samples were resolved on agarose gels, as described previously.^[@ref19]^ In brief, the samples were resolved on a 1% agarose gel prepared in tris-acetate buffer with 0.3 μg of plasmid/lane. The gels were stained with 0.5 μg/mL ethidium bromide in Tris-acetate buffer at room temperature for 40 min, destained with tris-acetate buffer, and imaged on a ChemiDoc MP system (Bio-Rad).

4.9. Dendra2 Transcription--Translation Assay {#sec4.9}
---------------------------------------------

96-well plates were coated with matrigel followed by the addition of HEK T-Rex cells at a density of 30 000 cells/well and incubated with 1 μg/mL of tetracycline for 16 h. The media was removed and 50 μL of L-15 media containing 1 μg/mL tetracycline along with compound was added to each well and allowed to incubate for 1 h. The plates were then illuminated with a 405 nm LED flood array for 1 min and then read in kinetic mode on a SpectraFluor Plus (Tecan) set to 37 °C. The plates were read every 30 min for 15 h with excitation and emission wavelengths of 480 and 530 nm for newly translated Dendra2 and 535 and 595 nm for post-translated Dendra2.^[@ref75]^
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